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ABSTRACT 

We report optical and infrared imaging spectroscopy observations of the young 
binary object a Orionis IRS1 A/B. The brighter component (er Ori IRS1 A) of 
this binary system has Ml spectral type and a mass in the range of ~ 0.3 - 
0.8 M . The fainter component (a Ori IRS1 B) has a unique morphology and 
spectrum. The unresolved stellar object is surrounded by an extended envelope 
that is slightly offset from the position of this star. The envelope's spectrum 
shows strong emission lines of H and Hel but no shock-excited emission from H2 
or [Fell]. The embedded stellar object a Ori IRS1 B has an absorption spectrum 
characteristic of a late M photosphere, but with an additional approximately 
equal amount of dust continuum flux veiling the absorption lines, a Ori IRS1 B 
is probably a young brown dwarf embedded in a proplyd that is being photo- 
evaporated by the UV flux of the nearby multiple O and B star system a Ori. 

Subject headings: stars: formation — stars: pre-main sequence — stars: low- 
mass, brown dwarfs 



INTRODUCTION 



The binarity of the late O-star a Ori was discovered by IStruye I ( 



micrometer measurements. With the further discovery by iBolton I (119741 ) that component 



8371 ) using visual 



a Ori A is i t self a spectroscopic binary, the determination of the orbit of compone nts A and B 



by iHeintz I ( 



9971') and the iden tification of the massive C, D, and E components (jCaballero 



2007a|) and (jSherry et al.ll2008l ). the a Ori system is now viewed as somewhat analogous to 
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the Trapezium system of massive stars in the Orion Nebula. The multiple star sys tem a Ori 



l ies in the center of a small cluster of young lower mass stars, as first discussed by iGarrison 
(119671 ). This cluster has ~ 300 members with a total mass of 150 - 225 Mm, with ages of 



individual membe rs ranging from sever al million years (jSherry et al.ll2008l ) down to stars in 
the outflow phase (IReipurth et al.lll998l ) and masses ranging fro m the massive members of the 
a Ori group down to objects of possibly only planetary mass (IZapatero Osorio et al.l 120081 ) 
(and references the rein). The properties of the a Ori cluster have recent ly been reviewed by 
Walter et al.l (120081 ) and we refer to references therein for more details. ISherry et al.l (120081 ) 
arrived at a main sequence-fitting distance of 420 pc, consistent with the distance to main 
Orion OB lb association. The extinction towards the a Ori cluster is very low and can be 
neglected for work in the near infrared. 



The discovery by Ivan Loon fc Oliveira I (120031 ) of the infrared object a Ori IRS1 about 
3" north of the high-mass binary a Ori A/B, associ ated with extended infrared emission 
and coinciding with a VLA radio source (IDrake 1119901 ) raised the possibility that this object 
is a proplyd, similar to the many obj ects of this type fo und i n the Orion n e bula, a Ori 
IRS1 has been detected in X-rays by ICaballero I (]2007bl ) and ISkinner et al.l (120081 ). The 
variability and the high temperature component in its X-ray spectrum are consistent with 
it contain ing a magnetically active low mass T Tauri star. Infrared images using adaptive 
optics by iBouy et al.l (120091 ) showed that a Ori IRS1 is a double source with components 
IRS1 A and IRS1 B. In this paper we present near- infrared integral-field spectroscopy of the 
two components of o Ori IRS1. 



OBSERVATIONS AND DATA REDUCTION 



We had noticed the binary nature of a Ori IRS1 independently from lBouy et al.l (120091 ) 
during observations on 2007, December 30 (UT) using the Keck 2 telescope with the NIRC2 
near-infrared camera and natural guide star adaptive optics under non-photometric con- 
ditions. The image in the Br7 filter is shown as part of Fig. 1. We observe d a Ori IRS1 



again with the OH-Suppressing Infrared Integral Field Spectrograph (OSIRIS) (ILarkin et al. 



20061 ) at Keck 2 on the night of 2008, Aug. 21, UT, under excellent weather conditions us- 
ing the finest scale of 20 mas pixel -1 . The quality of these observations allowed a detailed 
study of the a Ori IRS1 B emission spectrum in the H and K windows (Figs. 2 and 3) 
and the spectral classification of both components of the binary star system o Ori IRS1 
(Figs. 4). For the if-band observations, we used spectra of the multiple O and B star system 
a Ori A/B as the atmospheric absorption standard, after interpolation across the strong Br7 
absorption line, and multiplied the ratio spectra by the spectrum of a 30750 K blackbody, 
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the T e ff of an 09.5V star (IMassey et al.ll2005l ). We did not obtain calibration spectra of 
a Ori A/B in the i^-band. Therefore, the if-band spectrum of a Ori IRS1 B in Fig. 2 used 
the Ml star a Ori IRS1 A as the atmospheric absorption standard, and the ratio spec- 
tr um was multiplied by the spectrum of the M1V star HD42581 from the spectral library 
of ICushing. Rayner. fc Vacca I (120051 ). to establish the proper continuum. The spectrum in 
Fig. 2 was separately flux calibrated in the H and K bands by multiplying the spectrum with 
th e 2MASS spectral response curves, in tegrating the flux, using the 2MASS flux calibration 



of ICohen. Wheaton. fc Megeath I d2003h. and then scaling the result to match the published 



H and Ks magnitudes of 



Bouv et all (120091 ) 



We also obtained opti cal seeing-limited sli t-less spectroscopy using the Wide Field Grism 
Spectrograph 2 (WFGS2) (jUehara et al.ll2004l ) at the UH 2.2m telescope in an effort to detect 
the Ha line from <j Ori IRS1 B. The images were obtained on the night of 2008, October 
11, UT, under near-photometric conditions. This wide-field collimator-camera system was 
used without a slit, with a narrow-band Ha filter (10 nm FWHM) as a spectral selector, and 
with the high-resolution grating, resulting in a dispersion of 0.085 nm pixel -1 . As a result, 
all stars are dispersed into short continua, covering the transmission range of the Ha filter. 
The central area of the resulting image is shown in Fig. 1. The emission-line dominated 
o Ori IRS1 B is easily seen in the resulting slit-less spectroscopy image as the only object 
near the o Ori system that appears as an unresolved dot of Ha emission, without detectable 
continuum or velocity structure. 



SPECTRAL CLASSIFICATION OF IRS1 A AND B 



The median age of the a Ori cluster is 2-3 Myr (jSherry et al.ll2008l ). so that all low mass 
objects are still contracting, and are therefore larger, more luminous, and have lower surface 
gravity than main sequence stars. When attempting to classify their spectra, it is usually 
found that their features fall between those of luminosity class V a nd HI, but closer t o clas s 
V, as was shown in the early work by iHodapp &: Deane I (119931 ) and I Greene fc Lada I (119961 ). 
In mid to late M spectral types, the ratio of the strength of the CO bandheads to that of 
the atomic lines, as well as the ratio of the two components of the Na doublet (see Fig. 4), 
are luminosity dependent and the latter show that both a Ori IRS1 components are indeed 
much closer to luminosity class V than to class III. 

The spectral classification of the two components of a Ori IRS1 relies on the strongest 
molecular feature in the atmospheric K window, the CO bandheads, and on the atomic line 
systems of Na , Ca, Mg, and the complex of Fe and Ti lines at 2.23 jttm. The spectral classifi- 
cation was done by discussion of features in direct comparison (Fig. 4) with the IRTF/SPEX 
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spectral library of lCushing. Rayner. fe Vacca I (120051 ). 



3.1. a Ori IRS1 A 



In the spectrum of IRS1 A in Fig. 4 the absorption line systems of Na and Ca are of 
almost equal strength. The absorption line of Mg at 2.282 /mi is clearly detected. This is 
most closely matched by the comparison spectrum of M1V type that also reproduces the 
shape of the Fe and Ti complex at 2.23 /im best. For later spectral types (M3V), the Mg line 
is too weak and the shortest wavelength component of the Ca feature becomes too strong. 
For even earlier spectral types, Mg becomes too strong, and the line ratios of the Ca and 
the Fe and Ti multiplets do not match a Ori IRS1 A. The CO bandheads in IRS1 A are 
stronger compared to Na and Ca than in M1V spectral types, as it would be expected for an 
object of higher than main sequence luminosity. We conclude that a spectral type of M1V is 
the closest match to the spectrum of IRS1 A with an uncertainty of one decimal sub-class, 
the caveat being that IRS1 A is more luminous than a main sequence object and that it is 
young. Following iLuhman et al.l (120031 ). this gives its effective temperature as 3705 ± 150 K. 



From the K, 9 magnitude of 10.48 (IBouy et al.l 120091 ) and with colors and bolometric 
corrections from iJohnson I (119651 ) , we arrive at a rough estimate for the luminosity of a Ori 
IRS1 A of 0.86 Lp) . C o mpar ison of these T e ff and L data with the 1998 revisions of the 



D'Antona fe Mazzitelli I (119971 ) evolutionary tracks in Fig. 5 places a Ori IRS1 A on the track 
of a 0.3 M^ s t ar wi th a nominal age of 0.3 My rs. Compared to the 1 Myr isochrone of the 
Baraffe et al.l (119981 ) and lChabrier et al.l (120001 ) models a Ori IRS1 A appears to be a star of 
0.8 M Q and an age of ~1 Myr. The errors indicated in Fig. 5 represent the uncertainty of ±1 
subclass in spectral type deter mination, and the es timated total error from the uncertainty in 
bolometric corrections values (IMalkov et al.l 119971'). co l or tra nsfor mations, and photom etric 
errors. As discussed both by iD'Antona fe Mazzitelli I ( 19971 ) and iBaraffe et al.l ( 20021 ). the 



evolutionary models themselves are still quite uncertain at these young ages, adding another 
caveat to the interpretation of the results. 



3.2. a Ori IRS1 B 

The best fit to the line ratios of a Ori IRS1 B is a M7 or M8 star on the basis of the 
detection of Na lines and non-detection of Ca lines, and the ratio of Na to CO bandhead 
strength. However, all these late M class V stars have much stronger lines (both the Na and 
the CO bandhead lines) than a Ori IRS1 B, so in order to match the spectrum, we have to 
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postulate an additional, diluting continuum component to the spectrum. As we will discuss 
in detail in Section 4. the strong spatially extended Br7 and Hel emission suggests that 
a Ori IRS1 B is a proplyd in the process of being photo-evaporated by UV radiation from 
the OB stars in the a Ori A/B system. It is therefore reasonable to assume that some dust in 
the proplyd gets heated by UV absorption to temperatures near the sublimation point, and 
that its emission dilutes the photospheric emission from the embedded star. However Fig. 3 
clearly shows that the line emission is more extended than the continuum, which appears 
unresolved. It is also possible that part of the hot dust emission originates much closer to 
the star and is powered by an accretion disk. Our data are not sufficient to uniquely identify 
a combination of dust opacity and temperature to best match the spectrum, but solutions 
with dust temperatures in the range of 1000 K and contributions of about 50 % of dust 
emission to the total flux give good matches to the line depths. Fig. 4 therefore compares 
the spectrum of a Ori IRS1 B, expanded by a factor of 2 to account for the dilution of 
the lines, with archival spectra of mid-M stars (above) and M8-L1 stars and an M7III star 
below. This comparison places the spectral type of a Ori IRS1 B in the range from M6 to 
M9. A spectral type as early as M6 is consistent with the data when we consider that for 
lower gravity atmospheres, the Na is fainter and the CO bandheads are stronger than for 
main sequence stars. On the other extreme, the M9 class is still compatible with the data, 
considering the substantial errors. A spectral type of M5 can be excluded with confidence, 
since the Ca feature would be much too strong, and on the other side, a LI or later type can 
be excluded since those types do not show Na absorption. We therefore nominally classify 
a Ori IRS1 B as M7.5, i.e., the midpoint of the range of possible spectral types. We assume 
as the effective te mperature of a Ori IR S1 B the average of the effective temperatures given 
for M7 and M8 in lLuhman et al.l (120031 ): 2795 K with a range of uncertainty between 2400 K 
(M9V) and 3000 K (M6V). While it is clear from its luminosity and age that a Ori IRS1 B 
is not a main sequence star, its spectrum does not show, within the limitations of the signal- 
to-noise ratio, any specific features related to lower surface gravity. Nevertheless, it should 
be classified as luminosity class IV. 



With a measured i^ s =12.65 from iBouv et al. 



(|2009r) . we obtain an of 7.10 using 



Johnson ( 1965h and a luminosity of L = 0.109 L G 



colors and bolometric corrections from 
The errors indicated in Fig. 5 represent the uncertainty in the determination of the spectral 
type, and the maximum effect of a factor of 2 in luminosity from either including or excluding 
the dust emission in the determination of the luminosity. It plac es a Ori IRS1 B on the 



evolut ionary track of a 0.10 M & object in the 1998 revisions of the iD'Antona fc Mazzitelli 



(119971 ) models (Fig. 5) near t he 0.3 Myr age isochrone. We als o plot the 1 Myr isochrone of 
the models by iBaraffe et al.l (119981 ) and IChabrier et al.l (120001 ) and note that o Ori IRS1 B 
is well above this isochrone. The differences between both models illustrate the problems 
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with theo retical HR diagram s at young ages that the authors of those models are well 
aware of (IBaraffe et al.ll2002l ). As an alternative to comparing with evolutionary models, 
we can compare a Ori IRS1 B directly to the components of young the eclipsing binary 
2MASSJ05352184-0546085 in t he Or ion Nebula whose masses have been directly measured by 



Stassun. Mathieu. fc Valenti I (120061 ). This star's primary component of M6.5±0.5 spectral 



type has a measured mass of 0.0541 M Q while the slightly hotter secondary component 
has a mass of 0.0340 M & . Since a Ori IRS1 B is of later spectral type than either of the 
components of this eclipsing binary and is probably of similar age, it seems certain that 
a Ori IRS1 B has a sub-stellar mass below 0.05 M Q . Finally, in a strong UV radiation 
environment, the photospheric temperature may be elevated above what an isolated object 
of otherwise identical properties might have, which would lead to an overestimate for the 
mass. 



THE EMISSION LINE SPECTRUM OF a ORI IRS1 B 



The emission line spectrum in the i^and if bands of a Ori IRS1 B is shown in Fig. 2. 
The spectrum is dominated by strong emission from the Brackett series of HI and by emission 
lines of Hel. There is, however, no detectable emission from shock-excited H 2 in the S(l) 
lines, nor is there forbidden line emission in the 1.644/xm emission line of [Fell], which is 
often associate d with outfl ow activity in young stars. Emission lines are one of the defining 
characteristics (jJoy 1 1 19451 ) of classical T Tauri stars and in those stars originate from the 
accretion disk. In the case of a Ori IRS1 B, however, our spatially resolved line images show 
that the Br7 and Hel emission lines do not originate in an accretion disk very close to the 
stellar surface. Rather, the line emission is spatially extended by 95 mas FWHM in the case 
of the Br7 line, and similar for Hel, while the PSF is 55 mas FWHM. The brightest emission 
is offset towards the illuminating OB stars as illustrated in Fig. 3. On the other hand, the 
emission lines do not show a pronounced bow-shock morphology, indicating that we are not 
seeing IRS1 B being il luminated side-on. Th i s find ing agrees with the morphology of the 10 
//m emission found by Ivan Loon &: Oliveira I (120031 ) who did not s ee the bow shock structure 
often found at 10 fim in side-on Orion proplyds by ISmith I (120051 ). 



While the proplyd IRS1 B was easily detected in Ha em ission, its surface brightness falls 
well short of the prediction by Ivan Loon fc Oliveira I (120031 ) of being equal to the a Ori A/B 
continuum in a 1 nm wavelengt h interval. Ca librating the continuum flux of a Ori A/B 
against the spectrophotometry by lStone I (119961 ) of the HST 09Vp calibration star HD93521, 
we get an Ha fl ux for the unresolved Ha emi ssion knot from a Ori IRS1 B of 4.7 10~ 15 Wm" 2 . 
The dust that Ivan Loon fc Oliveira I (120031 ) detected in thermal emission probably absorbs 
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much the Ha emission that would be expected based on extrapolation from the radio spec- 
trum. 



DISCUSSION 



The formation of low-ma ss objects by photo-evapo r ation of prestellar cores near massive 
stars has been discussed by IWhitworth &: Zinnecker I (12004 ). and our data indicate that 
a Ori IRS1 B appears to show this process in action. It is interesting to note that the 
two components of the o Ori IRS1 system show very different spectra. The more luminous 
component IRS1 A shows a pure photospheric absorption line spectrum without evidence 
for dust veiling or emission lines. Assuming that the two components are indeed physically 
close to each other, and that IRS1 A is therefore exposed to the same intense UV radiation 
field as IRS1 B, it can be concluded that IRS1 A must be without a disk or envelope. While 
distant encounter be tween stars in the dense cores of clu sters are efficient at stripping the 
outer parts of disks (IPfalzner. Umbreit. fc Henning 1120051 ) . the complete lack of any sign of 
circumstellar matter around the more massive component A of the IRS1 system can only be 
explained by dynamical effects within that system. It can be speculated that IRS1 A itself 
might be a very close binar y whose formatio n may have destroyed the disk, in a scenario 
similar to those discussed by iReipurth I (120001 ). 



a Ori IRS1 B is not the only object u ndergoing photoevapq ration in the UV radiation 
field of cr Ori A and B. In a recent paper, iRigliaco et al.l (120091 ) showed that the T Tauri 
star S0587 in the a Ori cluster shows emission lines that can best be interpreted in a 
photoevaporation scenario. 



6. CONCLUSIONS 

We have obtained optical and near-infrared spectroscopy of the binary object a Ori IRS1 A 
and B. Component a Ori IRS1 A shows a pure photospheric absorption line spectrum of Ml 
type and is a low mass star. Component B of the a Ori IRS1 binary shows a compound dust 
and photospheric spectrum. After accounting for the dust continuum veiling, a Ori IRS1 B 
itself can be classified as a M7 or M8 spectral type and probably is of sub-stellar mass. 
Further, IRS1 B shows a strong emission line spectrum with the Brackett series of H and 
Hel lines in the near infrared, and Ha in the optical. The line images in the Br7 and Hel 
(2.06 /iin) lines show that the source of the line emission is an extended envelope around the 
star. This envelope of a Ori IRS1 B is clearly being photo-evaporated by the UV radiation 
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field of a Ori A. 
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Fig. 1. — Slit-less spectrum of the a Ori system, pre- filtered and centered around Ha. The 
brightest continuum is the binary a Ori A/B with its late O to early B compound spectrum, 
with additional contamination from component a Ori C. The spatial coordinates refer to 
the wavelength of Ha. The Ha absorption of the binary a Ori A/B is clearly seen in the 
higher signal level window. The proplyd a Ori IRS1 B is the object detected only by its Ha 
emission line to the north of the bright binary. The image to the right is the Keck NIRC-2 
adaptive optics image of the a Ori system in the Br7+continuum filter, covering the area 
indicated by the box in the Ha image. The main components a Ori A/B are visible behind 
the partly transparent occulting mask. 
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Fig. 2. — Spectrum of crOri IRS1 B in the H and K bands, showing emission lines of H 
and Hel superposed over a continuum spectrum composed of a M7.5 photosphere and dust 
continuum veiling. 
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Fig. 3. — Extracted adjacent continuum, line plus underlying continuum, and continuum- 
subtracted line images of a Ori IRS1 A and B in the emission lines of Hel (2.059/im) and H 
Br7 (2.166/xm). Tickmarks are in units of the OSIRIS 20 mas pixels. The arrow indicates the 
direction towards the illuminating UV source crOri A/B. The X symbol in the continuum- 
subtracted images indicates the position of the star. It should be noted that crOri IRS1 A is 
unresolved and that all the structure seen around it is due to the PSF. 
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Fig. 4. — Continuum spectra of crOri I RS1 A and IRS1 B in the K windo w and 
spectra from the IRTF spectral library (jCushing. Rayner. Vacca II2005I ). 
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Fig. 5. — Pre-main-sequence evolutionary tracks from iD'Antona & Mazzitelli I (119971 ) (x 



symbols). Their Is ochro nes are labeled in un its of 1000 yrs. The 1 Myr isochrone from 
Baraffe et al.l (119981 ) and IChabrier et al.l (120001 ) is indicated by open squares. The HR dia- 
gram loci of a Ori IRS1 A and B are indicated. The error bars indicate the errors in spectral 
type determination and photometric errors. 



